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The RNA-binding protein CHLAMY1 of the green alga Chlamydomonas reinhardtii consists of two
subunits, named C1 and C3 that maintain the period and phase of the circadian clock. Here, we
investigated if any of its subunits interact with other clock components involved in RNA metabo-
lism. We found that C3, but not C1 strongly interacts with exoribonuclease XRN1 whose knockout
results in low amplitude rhythms. XRN1 is subject to degradation by the proteasome pathway. Its
level increases in cells grown at lower ambient temperature simulating night, which was also
observed for C3. Our data indicate a network of clock-relevant RNA-binding proteins.
Structured summary of protein interactions:
XRN1 physically interacts with C3 by anti bait coimmunoprecipitation (View interaction)
XRN1 physically interacts with C3 by two hybrid (View interaction)
C1 physically interacts with C3 by two hybrid (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Circadian rhythms are endogenous rhythms that persist with a
period of about 24 h under free-running conditions of constant
light and temperature. They can be entrained by cycles of light
and darkness, as well as by temperature cycles [1]. In past years,
several components have been identiﬁed that are involved in the
oscillatory machinery of the green alga Chlamydomonas rein-
hardtii, including the two subunits of the RNA-binding protein
CHLAMY1, named C1 and C3 [2,3]. Alterations of the levels of
C1 and C3, respectively, have shown that both subunits are
involved in maintaining the phase (C3) and period (C1) of the
circadian clock [4]. Both subunits are regulated by ambient
changes in temperature, either at the transcriptional (C3) or post-
translational level (C1) [5,6]. Moreover, they are regulated by
light [7].
CHLAMY1 is also known to control circadian output. It binds in
a circadian manner to UGP7-repeat sequences that are present in
the 30-untranslated regions (UTRs) of several mRNAs [8,9].chemical Societies. Published by E
ctivation domain; GAL4-BD,
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ROC, rhythm of chloroplast;
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nt
.Supershift experiments have shown that both subunits are
involved in RNA binding [2]. Since both subunits were found in a
protein complex of approximately 158 kDa that increases the
added theoretical molecular masses of each single subunit
(51.75 kDa for C1 and 44.6 kDa for C3), it was postulated that there
may be two subunits of C1 in this complex. At the same time, it
could not be excluded that there may still be an unknown protein
present which interacts with either of these two subunits.
Recently, an insertional mutagenesis approach revealed several
clock-relevant proteins in C. reinhardtii that are called rhythm of
chloroplast (ROC). They are involved in the maintenance of the
phase, the period and the amplitude of circadian rhythmicity from
a bioluminescence reporter expressed in the chloroplast of
C. reinhardtii [10]. Several of them represent putative transcription
factors, but there are also potential members of the ubiquitin ligase
pathway and of RNA metabolism [11]. One of them is XRN1, a 50–30
exoribonuclease. Its knockout results in low amplitude and rapid
dampening of the bioluminescence rhythm under free-running
conditions [10]. XRN1 is known as a RNA-degrading protein and
its homologues act together with other proteins in processing
(P-) bodies or stress granules [12]. The formation of stress granules
was also described in C. reinhardtii [13].
Here, we used yeast two-hybrid and immunoprecipitation as-
says for protein interaction studies. We found that the C3 subunit
of CHLAMY1 strongly interacts with XRN1. We also studied differ-
ent expression patterns of XRN1.lsevier B.V. All rights reserved.
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2.1. Yeast two-hybrid analysis
The transformation of yeast was done as previously described
by Gietz and Woods [14]. Two-hybrid analysis was made using
the Matchmaker™ GAL4 two-hybrid system 3 (Clontech Laborato-
ries, Inc.), containing yeast strains AH109 and Y187, according to
the manufacturer’s manual with some modiﬁcations. Brieﬂy, all
constructs were transformed in yeast strain AH109 that contains
all reporter genes to test for autonomous activation of the report-
ers. In order to examine protein–protein interaction, plasmids with
the GAL4 activation domain (GAL4-AD) were additionally trans-
formed into strain Y187 to be used for mating. Yeast strains
AH109 and Y187, expressing either the GAL4-AD- or GAL4 DNA-
binding domain (BD) constructs along with the genes of interest
were then mated and incubated for 3–5 days at 23 C. For this pur-
pose, vectors expressing GAL4-AD:XRN1 (pHD1.3), GAL4-BD:XRN1
(pHD1.6), GAL4-AD:C3 (pHD1.9) and GAL4-BD:C1 (pKP8) had been
created using full length XRN1 cDNA (gene model Cre06.g280050,
JGI v4.0), full length C3 cDNA [2] and C1 cDNA [2] missing the start
codon. The detailed cloning procedure for the vectors used for the
two-hybrid analysis is described in ‘Supplemental data 1’. 3-Ami-
no-1,2,4-triazole (3-AT) was added to all HIS-lacking media as a
competitive inhibitor of the HIS3 reporter for suppressing false
positives. It was added in a concentration of 1 mM for all
constructs, except for the C1 construct, where 15 mM 3-AT was
applied, due to strong auto-activation.
2.2. Strains and culture of C. reinhardtii
C. reinhardtii cells were cultivated as described by Voytsekh
et al. [5]. Strain 4A+ in the 137c background [15] and the XRN1
knockout mutant (xrn1mut) that is based on 4A+ were obtained
from Rachel M. Dent, UC Berkeley. Characterization of the mutant
is shown in Supplemental data 2. In some cases, proteasome inhib-
itor (Z-Leu-Leu-Leu-al, Sigma–Aldrich) was added 1 h before
harvesting to a ﬁnal concentration of 10 lM.
2.3. Isolation of genomic DNA and PCR
Genomic DNA was isolated from 4A+ and xrn1mut as described
by Lee et al. [16]. PCR-ampliﬁcations were made using the Phu-
sion high-ﬁdelity PCR kit (New England Biolabs) according to
the instructions of the kit along with genomic DNA from 4A+ and
xrn1mut, respectively.
2.4. Heterologous expression of XRN1 in Escherichia coli, puriﬁcation
and antibody production
XRN1 cDNA encoding amino acid 1046–1358 (clone HCL009f02,
accession number AV640062, Kazusa DNA Research Institute, Ja-
pan) was cloned into pQE-60 vector (Qiagen) resulting in plasmid
pHD2.4 (‘Supplemental data 1’) and conﬁrmed by gene model
Cre06.g280050, JGI v4.0 by sequencing. This region of XRN1,
including the additional amino acids MV at its N-terminus and
amino acids QGSHHHHHH at its C-terminus along with a 6 HIS-
tag for puriﬁcation, was overexpressed in E. coli and puriﬁed under
denaturing conditions using the QIAexpress detection and assay kit
(Qiagen) according to their protocol. 1.2 mg protein was used for
antibody production in rabbit, performed at Pineda-Antikörper-
Service, Germany, according to their protocol. Puriﬁcation of the
antibody was done using the EpimaxTM afﬁnity puriﬁcation kit
(Epitomics) with the antigen described above according to the
manufacturer’s manual. The puriﬁed antibody was ﬁnally dialyzedin a buffer of 10 mM Na-phosphate, 150 mM NaCl, pH 7.2 and con-
centrated using an Amicon ultra-4, 100 kDa (Merck Millipore) cen-
trifugal ﬁlter at 2,000g at 4 C.
2.5. Preparation of crude extracts and immunoblots
Preparation of crude extracts and immunoblots were done as
described previously by Voytsekh et al. [5]. Immunoblotting with
anti-XRN1 antibody was done using a dilution of 1:4,000. As
secondary antibody, monoclonal anti-rabbit IgG antibody
(Sigma–Aldrich) was used with a dilution of 1:6,666. Detection
was done by chemiluminescence [4].
2.6. Co-immunoprecipitation
Immunoprecipitations were performed with the Pierce
co-immunoprecipitation kit (Thermo Scientiﬁc) according to the
manufacturer’s manual with some modiﬁcations. 400 lg of
puriﬁed anti-XRN1 antibody (see above), were bound to 200 ll
coupling resin and further incubated on a shaker over night at
4 C with 1 mg of protein, from a C. reinhardtii crude extract, in
500 ll buffer, consisting of 80 mM NaCl, 1 mM EDTA, 5% glycerol,
20 lM proteasome inhibitor (Z-Leu-Leu-Leu-al [Sigma–Aldrich]
also known as MG132), 12.5% complete proteinase inhibitor cock-
tail (Roche, according to their protocol), 10 mM Tris–HCl, pH 7.5.
The washing steps were done with 80 mM NaCl, 1 mM EDTA,
20 mM Tris–HCl, pH 7.5.
2.7. Southern blot analysis
Genomic DNA was digested and further fractionated on a 0.8%
agarose gel. Southern blotting, detection via chemiluminescence
and DNA-labeling was done using the digoxygenin (DIG) high
prime DNA labeling and detection starter kit II (Roche) following
the manufacturer’s manual. The DIG-labeled DNA probe was gen-
erated from a 313 bp fragment of the ble cassette from pDI8 [4]
using the restriction enzymes SgrAI and FseI.
3. Results
3.1. Identiﬁcation of potential interaction partners from XRN1 by yeast
two-hybrid analysis
Yeast two-hybrid was used to examine possible interactions of
the C1 and C3 subunits from CHLAMY1 with XRN1. At the same
time, the interaction of C1 and C3 was re-examined in this way.
The mated yeasts carrying C1, C3 and XRN1 cDNAs in fusion to
the vectors expressing GAL4-AD and GAL4-BD, respectively, were
used as negative controls. While the mated yeast lines grew on
media selecting for the expression of both plasmids (Fig. 1, left
panels), they did not grow on the selection media lacking HIS or
both, HIS and ADE (Fig. 1, medium and right panels) that were used
to screen for protein–protein interaction [17]. In the case of C1,
auto-activation was observed, resulting in a weak growth of yeast
containing GAL4-BD:C1 and GAL4-AD on media lacking HIS, but no
obvious growth on media lacking both, HIS and ADE.
The interaction of C1 and C3 had ﬁrst been identiﬁed by bio-
chemical assays including immunoprecipitation [2]. Here, it was
conﬁrmed using the yeast two-hybrid studies (Fig. 1). Growth
was observed on both the selection medium lacking HIS and the
media lacking HIS and ADE. In addition, yeast two-hybrid studies
revealed a novel interaction between the clock-relevant proteins
C3 and XRN1 that are both involved in RNA-metabolism (Fig. 1).
Again, yeast strains expressing both proteins in the context of
the GAL4-BD and GAL4-AD constructs grew on the selection
Fig. 1. Yeast two-hybrid analysis of interactions between the C1 and C3 subunits of CHLAMY1 and XRN1. cDNAs encoding C1, C3 and XRN1 were fused to the GAL4-BD and
GAL4-AD, respectively. Empty fusion vectors, containing only GAL4-BD or -AD served as controls. Cells were grown to an OD600 of 1.0, serially diluted 10-fold, and spotted onto
minimal synthetic dropout media (SD) selection plates as indicated. Yeast containing both GAL4-AD and GAL4-BD plasmid constructs carrying the LEU (L) and TRP (W)
reporters, respectively, were grown on selective medium lacking L and W (SD-L/-W) to verify the presence of both GAL4-AD and GAL4-BD plasmids. Media lacking L, W and
HIS (SD-L/-W/-H) were used to test for protein interactions and more restrictive medium lacking L, W, H and ADE (SD-L/-W/-H/-A) were used to test for very strong protein
interactions.
Fig. 2. Expression patterns of XRN1 under different conditions. C. reinhardtii cells were grown under a LD-cycle at either 18 C or 28 C and harvested during early day (LD4)
or early night (LD14). Crude extracts were prepared and 25 lg proteins per lane were separated by 10% SDS–PAGE along with molecular mass standards and immunoblotted
using anti-XRN1 antibodies. (A) 4A+(WT) and xrn1mut cells were grown at 18 C and harvested at LD4. In some cases, they were treated with proteasome inhibitor (PI, +). (B, C)
4A+ cells were grown and harvested as indicated and treated with PI. To control for equal amounts of proteins loaded, the PVDF membrane was stained with Coomassie
Brilliant Blue (Cm) after the immunological detection. From this stain, selected unspeciﬁc protein bands are shown (Cm). Quantiﬁcation of the expression levels of XRN1 was
done via ImageMaster 2D elite version 4.01 (GE Healthcare). The highest level of protein for each set of experiments (n = 3) was set to 100%.
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the case of C1, only weak growth was found in the mated yeast
lines expressing C1 and XRN1 on selection medium without HIS
and ADE where no growth was observed with the C1 negative con-
trol (Fig. 1). While these data clearly suggest that XRN1 is a strong
interaction partner of C3, they only point to C1 as a potential weak
interaction partner if at all. In a next step, we aimed to generate
XRN1 antibodies to double-check the interactions of C1 and C3,
respectively, with XRN1 by immunoprecipitation. For that purpose,
the expression patterns of XRN1 were needed as a basis to select
the appropriate in vivo conditions for potential interactions.
3.2. Expression patterns of XRN1
An anti-XRN1 antibody was produced using heterologously ex-
pressed XRN1 (see ‘Section 2’ for details). The theoretical predicted
size of XRN1 (197.6 kDa) was only detected in immunoblots along
with proteins from a crude extract when cells had been treated
with proteasome inhibitor MG132 prior to harvesting (Fig 2A).
Without the proteasome inhibitor treatment, bands of approx. 92
and 135 kDa were prominently detected in immunoblots that
seem to be degradation products of XRN1. As a comparison, strain
xrn1mut was used, where the XRN1 gene is disrupted and there is
also a deletion at the 50-end of the XRN1 gene (‘Supplemental data2’). In the mutant, no signal was detected at 197.6 kDa in the pres-
ence of the proteasome inhibitor or at 92 and 135 kDa without the
inhibitor. These data conﬁrm that these protein bands derive from
XRN1 and that XRN1 is subject to degradation by the proteasome
pathway.
In a following step, expression patterns of XRN1 were examined
in cells grown at two different temperatures and harvested at dif-
ferent time-points of the day–night (LD, 12 h light:12 h dark) cycle,
representing night (LD14) and day (LD4). It was shown before that
C3 is expressed at a signiﬁcant higher level in cells grown at 18 C
compared to 28 C, while its protein level throughout the LD-cycle
is rather constant [2,4]. In contrast, the C1 level is similar at both
temperatures and LD conditions. At ﬁrst, temperature-dependent
expression levels of XRN1 were analyzed. XRN1 is up-regulated
about twofold in cells grown at 18 C compared to 28 C
(Fig. 2B). Furthermore, a slight increase in XRN1 is observed at
night (LD14) compared to day (LD4, Fig. 2C).
3.3. Analysis of the interaction between the subunits of CHLAMY1 and
XRN1 via co-immunoprecipitation
We double-checked the interaction between XRN1 and C3 or C1
by co-immunoprecipitation with puriﬁed anti-XRN1 antibodies
(see Section 2) using proteins of crude extracts of 4A+ cells and
Fig. 3. XRN1 binds to the C3 subunit of the RNA binding protein CHLAMY1. Cells from 4A+(WT) and xrn1mut were grown under a LD-cycle at 18 C and were harvested after
treatment with proteasome inhibitor at LD14. Crude extracts (CE) were prepared and proteins were separated by either 10% SDS–PAGE (for XRN1 detection) or 12% SDS–PAGE
(for C1 and C3 detection) along with molecular mass standards and immunoblotted using anti-XRN1, anti-C1 and anti-C3 antibodies, respectively. 10 lg proteins of CE and
ﬂow through (FT), 20 ll of the indicated wash fractions (W) and 40 ll of each eluate (E1 and E2) were loaded per lane. Samples from xrn1mut served as negative controls.
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XRN1 was detected in the eluate from the co-immunoprecipitation
assay along with 4A+ cells, in contrast to cells of xrn1mut. In addi-
tion, C3 was found in the eluate of 4A+ cells by immunoblots with
anti-C3 antibodies, but not in the negative control (Fig. 3). C1 was
not detected in the eluates of either 4A+ or xrn1mut. These data con-
ﬁrm that XRN1 interacts with the C3 subunit of CHLAMY1, but it
does not interact with C1 at a signiﬁcant rate.
4. Discussion
So far studies of the molecular basis of the circadian clock using
model organisms have shown that the circadian clock controls dif-
ferent levels of gene expression. Transcription factors often act as
positive elements within the negative feedback loops. Post-transla-
tional modiﬁcations of clock proteins involving, e.g. phosphoryla-
tion events are also a part of the clock machinery. In the past
years, RNA-based regulation further emerged as an important level
of control [18,19]. Thereby, proteins interacting with RNA such as
AtGRP7 from Arabidopsis [20], the RNA helicase FRH from Neuros-
pora [21] or the LARK protein from Drosophila [22] were character-
ized as important members of the circadian system. In the green
alga C. reinhardtii, three clock proteins related to RNA-metabolism
were known: C1, C3 and XRN1.
The discovery of the interaction of C3 and XRN1 found in this
study opens up new perspectives with regard to the mechanism
of CHLAMY1. The XRN1 exoribonuclease is typically found in so
called P-bodies. These are dynamic aggregates of speciﬁc mRNAs
and proteins that serve a dual function [12]. mRNAs are either
stored and kept silenced in these ribonucleoprotein particles be-
fore further transfer to the translational machinery or they are pre-
pared for degradation involving XRN1. The CHLAMY1 C1–C3
complex binds strongly to mRNAs with UGP7-repeat sequences
in the night and only weakly during day [8]. Reporter gene assays
along with the cis-acting elements for CHLAMY1, the UGP7-repeat
sequence showed that the reporter has signiﬁcantly higher activity
from the beginning until the middle of day-phase [23]. Therefore,
we hypothesized that strong CHLAMY1 binding, occurring from
the beginning till the middle of night-phase, inhibits translation
of these mRNAs. Based on the results from this study, it seems also
possible that the C1–C3 complex along with its bound RNAs could
be shifted to P-bodies via an additional interaction of C3 with
XRN1 mainly during the night or at lower temperatures simulating
the night during entrainment by temperature cycles. The higher
expression level of XRN1 at lower temperatures and at the begin-
ning of the night would be in agreement with such a postulation.
Thereby, C1 may be even replaced under these conditions from
the C3 protein interaction domain by XRN1. Notably, C1 was not
found in the immunoprecipitate with the XRN1 antibody, but only
C3 was detected under the applied conditions (18 C, LD14). It
should be also kept in mind that C1 gets hyperphosphorylated at18 C [5] when the amount of C3 and XRN1 increases, which could
act as a trigger for such a replacement. RNAs binding to the com-
plex might thus be subjected for degradation during the night. To
ﬁnd out if this is indeed the case, pulse chase experiments will
be needed in future to determine the RNA-turnover of UGP7-repeat
containing mRNAs during the day–night cycle. Preliminary North-
ern blot experiments indicate that one of the UGP7-repeat bearing
mRNAs, Nitrite reductase, is indeed less abundant during the ﬁrst
half of the night (unpublished data).
It has been shown that a temperature-controlled network of C1,
C3 and the still unknown PERIOD1 (PER1) exists and that it seems
to be connected to temperature entrainment disturbance in the
per1 mutant [5]. The parallel up-regulation of both proteins, C3
and XRN1, in cells grown at lower ambient temperature (18 C ver-
sus 28 C) opens up the possibility that XRN1 is a further member
of this network and might be involved in entrainment by temper-
ature cycles, as already indicated above. The temperature-depen-
dent expression of C3 was shown to be under the control of an
E-box element that is situated in the c3 promoter region and tar-
geted by different proteins including also C3 [6]. Related E-box ele-
ments could also be detected up to 1200 bp upstream from the
XRN1 start codon. The potential relevance of those E-box elements
for the up-regulation from XRN1 at lower temperature will need to
be investigated in future.
Another issue concerns the rapid degradation of XRN1 in pro-
tein crude extracts. C3 was found in previous studies to be present
in a protein complex of 100–160 kDa [2], when proteins from a
crude extract were separated by sucrose density gradients. A C3-
XRN1 complex should be signiﬁcantly larger (P243 kDa). How-
ever, in the previous studies protein extracts were made from cells
grown at 24 C and without addition of an inhibitor of the protea-
some pathway. Thus, XRN1 was most likely less abundant (com-
pared to cells grown at 18 C; Fig. 2B) and degraded as shown in
this study (Fig. 2A). Inhibitor assays along with MG132 applied
in this study show that the degradation is subject to the protea-
some pathway. This ﬁnding also opens the possibility that XRN1
is functionally connected to the clock component ROC114 that rep-
resents a putative E3 ubiquitin ligase [10].Acknowledgements
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